A pulse of red light acting through phytochrome accelerates the formation of chlorophyll upon subsequent transfer of dark-grown seedlings to continuous white light. Specific antibodies were used to follow the accumulation of representative subunits of the major photosynthetic complexes during greening of seedlings of tomato (Lycopersicon esculentum). The time course for accumulation of the various subunits was compared in seedlings that received a red light pulse 4 h prior to transfer to continuous white light and parallel controls that did not receive a red light pulse. The lightharvesting chlorophyll-binding proteins of photosystem 11 (LHC II), the 33-kD extrinsic polypeptide of the oxygen-evolving complex (OEC1), and subunit 11 of photosystem I (psaD gene product) all increased in the light, and did so much faster in seedlings that received the inductive red light pulse. The red light pulse had no significant effect on the abundance of the small subunit of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), nor on several plastid-encoded polypeptides: the large subunit of Rubisco, the ,B subunit of the CF1 complex of plastid ATPase, and the 43-and 47-kD subunits of photosystem 11 (CP43, CP47). Subunits I (cytochrome b6f) and IlIl (Rieske Fe-S protein) of the cytochrome b6f complex showed a small or no increase as a result of the red pulse. The potentiation of greening by a pulse of red light, therefore, is not expressed uniformly in the abundance of all the photosynthetic complexes and their subunits.
The leaves of angiosperm seedlings grown in total darkness contain no Chl, and their plastids differ in structure and composition from mature chloroplasts. The transition from such etioplasts to photosynthetically competent chloroplasts involves the synthesis of Chl and many chloroplast polypeptides, and the reorganization of plastid structure, directed by the nuclear and plastid genetic compartments (9, 13, 18, 19, (27) (28) (29) . Light regulates several aspects of this greening process. In particular, continuous light is required for photoreduction of Pchlide, and a pulse of light acts through phytochrome to increase the levels of nuclear mRNAs encoding chloroplast proteins (1, 9, 16, 18, 20, 21, 23, 24, 29, 30) . Blue light receptors have also been implicated in the control of plastid (5) and nuclear-encoded mRNAs (20, 30) .
The polypeptides of the photosynthetic apparatus, though, are not regulated entirely at the mRNA level. Plastid-encoded mRNAs are often present in the dark, and continuous white light regulates their translation or stability, or the accumulation of the protein products (3, 4, 12, 17) . Chl stabilizes its apoproteins, whether nuclear or plastid encoded (7, 17) . Even for genes whose transcription has clearly been shown to be light regulated, additional levels of control have been implicated. Transcription rates, mRNA levels, and the rates of polypeptide or Chl accumulation often differ in their kinetics and fluence dependence (16, 24, 29) .
A pulse of R2 reduces or eliminates the lag in Chl accumulation that is normally observed when dark-grown angiosperm seedlings, including those of tomato (Lycopersicon esculentum) (11) , are transferred to continuous white light. This potentiating effect of R is a useful photobiological tool, because the inductive action of light via phytochrome can be separated from those processes requiring continuous illumination (10) . Nevertheless, little attention has been given to the question of how phytochrome modulation of mRNA levels corresponds to the accumulation of the polypeptides. The abundance of many plastid polypeptides strongly increases during greening under continuous white light, whereas others are present at significant levels in etioplasts (12, 13, 19) . In this study, we have used antibodies to determine which subunits of the photosynthetic complexes accumulate preferentially in seedlings whose greening is accelerated by an inductive pulse of R.
MATERIALS AND METHODS

Plant Material and Light Treatments
Seeds of tomato (Lycopersicon esculentum cv Marymond Rehovot) were purchased from Hazera Seeds Ltd. (Haifa, Israel). Seedlings were grown on water-saturated vermiculite in a temperature-controlled darkroom at 24 to 250C in 10 x 10 x 10 cm plastic boxes that were placed open in large covered plastic boxes. The large boxes were wrapped in black cloth. Other than the indicated light treatments, the seedlings 2Abbreviations: R, red light; LHC II, light-harvesting Chl a/b binding proteins of PSII; OEC1, 33-kD subunit of the oxygenevolving complex; FR, far red light; LF, low fluence phytochrome response; VLF, very low fluence phytochrome response.
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were grown and handled in total darkness until harvest. Cotyledons for the 'zero time' (transfer from dark to white light) points were harvested under dim green light; harvest was in the light for all other time points. For protein extraction, cotyledons were quickly frozen with liquid nitrogen and stored at -800C until use. After 6.5 d of growth in the dark, seedlings were transferred to a growth chamber (LabLine) at 24 to 250C, 80% RH, under continuous white light (100 ,umol m-2 s-' photosynthetically active radiation) from fluorescent tubes (cool white). The R and FR light sources, neutral density and band-pass filters, and fluence rate measurement have been described in detail (11) . The standard R pulse was a 100-s exposure giving a total fluence of 6000 ,mol m-2. FR was given as a high-fluence rate background illumination during and after the exposure to R (for details, see Fig. 2 
PSI'
Specific polyclonal antibodies were used to follow the abundance of polypeptides associated with PSII in the membrane fraction (Fig. 1) . The LHC II polypeptides were absent in the dark and accumulated upon transfer to light. The rate of accumulation was much higher in the cotyledons of seedlings that received a pulse of R 4 h prior to transfer to white light (Fig. la) . The 33-kD extrinsic protein (OEC1) was present in the dark at low levels and increased in the light. An R pulse also potentiated the rapid accumulation of OEC1 in the membrane fraction (Fig. lb) . No significant effect of the R pulse was detected when blots of the membrane fractions were probed with antibody to the chloroplast-encoded CP43 and CP47 Chl a proteins of PSII ( (Fig. 2a) . Identical blots, when probed with antibody to OEC1, did not show FR reversal (Fig. 2a) . On blots of total protein extracts, only a moderate increase was detected during greening (Fig.  2b) . The OEC1 signal was already present in the dark (Fig.  2b , 0 h in white light) at higher levels than in the membrane fraction (Fig. lb) . Furthermore, the R pulse had no effect (Fig.  2b) , in contrast to the marked effect detected in the membrane fraction (Fig. lb) . The OEC1 was clearly detectable in the supernatant fraction, and, in this fraction, the pattern of light regulation (data not shown) was very similar to that found with total protein extracts (Fig. 2b) . The abundance of Chl, LHC II, and OEC1 increased as a function of the fluence of the R pulse (Fig. 3) . The fluence dependence for potentiation of Chl accumulation in tomato seedlings spans 6 orders of magnitude and can be well fit by a biphasic curve consisting of components in the VLF and LF phytochrome response ranges (11; Fig. 3 ). The levels of both C: R FR R/FR e-LHC 11 1. i-OEC i LHC II and OEC1 were increased by an R pulse in the VLF and LF ranges (Fig. 3) . 
Other Photosynthetic Complexes
The accumulation of subunit II of PSI (21 kD; psaD gene product), showed a marked potentiation by the R pulse evident at 3 h in Figure 4 . The a and fi subunits of chloroplast ATPase (CF1) were probed for on blots of the membrane fraction, and their levels did not change during the first hours of greening (data not shown). Representatives of two other photosynthetic complexes, Cyt b6f and Rubisco, are shown in Figure 5 . Subunit I (Cyt f) and subunit III (Rieske Fe-S protein) of the Cyt b6f complex were present at low levels (Fig. 5c ).
DISCUSSION
Representatives of all the major photosynthetic complexes were tested for phytochrome regulation at the level of polypeptide abundance with the help of specific antibodies. An R pulse given to tomato seedlings 4 h before transfer to white light increased the abundance of the LHC II during greening, as previously reported for cucumber (2) and tomato (11) . Furthermore, the time course shown in Figure la demon Although the 33-kD extrinsic protein of the OECi does not directly bind Chl, it, too, was more abundant in the membrane fraction from cotyledons that received an R pulse (Fig. lb) . OEC1 was already present in the dark (time zero, -R, Fig. lb) . Light regulation of OECl in tomato differs from that reported for maize (26) . In maize, as in tomato, OEC1
was present in the dark; a pulse of R increased its abundance, as measured after an additional 48 h in the dark (26) . In tomato, an R pulse alone had no effect within the period tested (up to 10 h after the pulse; data not shown), but strongly increased the accumulation of OEC1 in the membrane fraction during greening in white light (Fig. lb) .
The marked effect of light on the accumulation of OEC1 (Fig. lb) was unexpected, based on results obtained with greening spinach seedlings (13). Liveanu et al. (13) used total protein samples, whereas the data in Figure lb are for a membrane fraction. As shown in Figure 2b , the intensity of the immunoblot signal obtained with total protein increased only moderately during greening of tomato cotyledons, as reported for spinach (13) . Furthermore, the effect of the R pulse was not apparent (Fig. 2b) . The effect of an R pulse on the abundance of OEC1 in the membrane fraction was not canceled by irradiation with FR, even though the level of the LHC II polypeptides showed clear reversal in the same samples (Fig. 2a) . There is considerable evidence from action spectroscopy, photoreversibility, and genetics (11, 25) that an R pulse acts through phytochrome to potentiate greening. The photoregulation of OEC1 differs, though, from that of LHC II. The fluence dependence in Figure 3 leaves open the possibility that OECl levels in the membrane fraction could be controlled principally by R in the VLF range, and a more detailed quantitative fluence-response study could answer this question. Alternatively, a photoreceptor in addition to phytochrome may be involved in the regulation of OEC1 polypeptide levels in the thylakoid. It seems likely that photoregulation of the abundance of OEC1 in the membrane fraction is indirect. Sutton et al. (26) found that in maize, OEC1 accumulates under FR light, but does not bind to the inner surface of the thylakoid membrane. If the number of binding sites is controlled by continuous white light and by the R pulse, such a model could explain our findings. There is no direct evidence that an R pulse increases the number of PSII reaction centers, but this remains to be tested under the conditions used here.
Subunit II of PSI increased in white light (Fig. 4) , as reported for rice (8) , oat, bean, and spinach (19) . The R pulse strongly increased the abundance of this subunit (Fig. 4) . Like the 33-kD extrinsic protein of PSII (OECi), subunit II of PSI is a nuclear-encoded, peripheral membrane protein (22) . In contrast, the chloroplast-encoded psaA and psaB gene products in barley increased strongly in the light, with no evidence of phytochrome regulation (12) .
Two members of the Cyt b6f complex, Cyt f and the Rieske Fe-S protein (Fig. 5, a and b) , increased in abundance during greening in white light. In spinach, both of these subunits were already present in etiolated seedlings and did not increase during greening (19) . The difference between tomato and spinach might reflect the fact that we analyzed a membrane fraction (Fig. 5a ), whereas the spinach data are for total protein (19 (Fig. 5c) , as also reported for spinach (19 another. An R pulse potentiates the rapid accumulation of Chl in tomato cotyledons. This rapid greening is accompanied not only by a rapid accumulation of LHC II, a major Chl apoprotein, but also of two peripheral thylakoid membrane proteins that do not bind Chl: the 33-kD polypeptide (OECl) and subunit II of PSI. Other subunits studied were either already present in the dark or present only at very low levels throughout the first 4 h of greening, when the potentiation effect was most evident. It is thus clear that potentiation of greening by an R pulse is not uniformly expressed in all the photosynthetic subunits.
It will be important to determine whether the class of nuclear genes whose transcription is phytochrome regulated always coincides with the class whose polypeptide products accumulate preferentially in seedlings that received an R pulse. One gene (family) that belongs to both classes in tomato seedlings is cab. The mRNAs for the other two polypeptides whose levels were clearly increased by the R pulse, OEC1 and subunit II, are also increased by a pulse of R; in spinach, psaD mRNA was induced by R and reversed by FR (1), and in tomato, the level of message for OEC1 was likewise photoreversible (21) . Particularly for OEC1, the photoregulation of polypeptide abundance cannot be explained by mRNA regulation alone: OEC1 mRNA is photoreversibly induced by phytochrome (21) , whereas the polypeptide level is not photoreversible under the same conditions (Fig. 2a) , and photoregulation was evident in membrane fractions but not total protein (Fig. 2b) . The pronounced effect of the R pulse on accumulation of OEC1 in the membrane fraction (Fig. lb) 
